Long-term data storage in diamond by Dhomkar, Siddharth et al.
	   1	  
INTRODUCTION 
Diamond is a unique platform material whose extreme 
properties and multi-functionalities are enabling an ever growing 
set of applications ranging from the fabrication of long-lasting 
machining and cutting tools, to biomedical and low-wear 
coatings, to efficient heat sinks for high-power electronics. 
Diamond typically contains impurities and other defects whose 
varying concentration and composition give gems their signature 
colors. An example of emerging importance is the negatively 
charged nitrogen-vacancy center (NV-), a spin-1 complex formed 
by a substitutional nitrogen atom adjacent to a vacant site. These 
paramagnetic centers can be located individually using confocal 
microscopy, initialized via optical pumping, and read out through 
spin dependent photoluminescence measurements1. Optical 
access coupled to single electron spin control and millisecond-
long coherence spin lifetimes under ambient conditions2 has led 
to recent demonstrations of entanglement and basic quantum 
logic3-7 as well as various forms of nanoscale sensing8-11. 
Here we use multi-color optical microscopy to locally 
convert the charge state of NVs within a dense ensemble from 
negative to neutral, and correspondingly alter the NV 
fluorescence emission from bright to dark. This change is 
reversible, long-lasting, and robust to weak illumination, thus 
serving as an alternate platform for three-dimensional (3D) 
information storage. To demonstrate this notion, we write, read, 
erase, and rewrite data, which here take the form of stacked two-
dimensional images. Though presently limited by light 
diffraction, access to the NV electron and nuclear spin degrees of 
freedom could be potentially exploited to reduce the volume per 
bit. As a first step in this direction, we use a charge-to-spin 
conversion protocol to polarize the nuclear spin of the nitrogen 
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Fig. 1. Charge manipulation and 
readout in diamond. (a) Energy diagram 
for NV- and NV0. In (1) and (2) the 
successive absorption of two photons 
(wavy arrows) of energy equal or greater 
than 1.95 eV (637 nm) propels the excess 
electron of an NV- into the conduction 
band leaving the defect in the neutral 
ground state (solid arrows). In (3) and (4), 
an NV0 consecutively absorbs two photons 
of energy equal or greater than 2.16 eV 
(575 nm) transforming into NV-. CB and 
VB are the conduction and valence bands, 
respectively. (b) (Upper row) A binary 
pattern on an NV--rich background is 
imprinted via spatially selective red 
illumination (632 nm, 350 µW, 100 ms per 
pixel). (Lower row) Starting from an NV--
depleted background the pattern results 
from selective illumination with green 
laser light (532 nm, 30 µW, 5 ms per 
pixel). From left to right, images are the 
result of three successive readouts of the 
same original imprint via a red scan (200 imprint via a red scan (200 µW and 150 µW for the upper and lower rows, respectively). In all cases, the ima e size is 100x100 pixels, and the
integration time is 1 ms per pixel.	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host conditional on the NV charge state, and subsequently show 
that this polarization remains virtually unchanged throughout a 
cycle of NV- ionization and recharge.   
 
 
RESULTS 
Storing and retrieving arbitrary data sets in three dimensions 
The physical mechanisms underlying NV charge dynamics 
are presented in Fig. 1a: Green illumination (e.g., at 532 nm) 
ionizes the NV- via the consecutive absorption of two photons, 
thus transforming the NV- into NV0 (i.e., a neutrally charged 
NV). Conversely, green light can drive a neutral NV into its 
excited state where absorption of an electron from the valence 
band reconverts NV0 back into NV- (Fig. 1a). Therefore, an NV 
center exposed to green light dynamically alters its charge state 
at a rate that depends on the illumination intensity12,13. This 
behavior changes with the use of red light (e.g., 632 nm) because 
photons of this wavelength can only excite NV- but not NV0. 
Consequently, strong red illumination ionizes NV- to produce 
NV0 but the back-conversion process is largely inhibited. 
In our experiments we use a type-1b diamond crystal with an 
approximate NV concentration of 0.4 ppm. Two intuitive forms 
of charge patterning are presented in Fig. 1b: Upon initializing 
the focal plane into NV- (upper row) we convert into NV0 select 
portions by successively parking a strong red beam at the desired 
pixels for a pre-defined time interval. Given the near quadratic 
dependence of the ionization rate on the illumination intensity13, 
the resulting NV charge map can be revealed via a weak red laser 
scan. In this regime charge ionization during readout is minimal 
and the fluorescence — brighter in NV--rich areas — correlates 
with the NV- concentration. The lower row in Fig. 1b illustrates 
the converse approach where patterning is attained by parking a 
green beam on a ‘bleached’ (i.e., NV-- deprived) plane. Exposure 
to green light locally reconverts NV0 into NV- and subsequent 
fluorescence imaging — via a weak red scan — unveils the 
expected bright pattern on an otherwise dark background.  
Both encoding protocols yield comparable pixel definition 
(about 0.8 µm, here defined by the numerical aperture NA=0.42 
of the objective, see Fig. S1). Green or red imprints, however, 
respond differently to multiple red laser readouts (middle and left 
columns in Fig. 1b). Both exhibit a gradual loss of contrast but 
the impact is substantially stronger on the green imprint. 
Remarkably, observations on test patterns over a period of a 
week show no noticeable change provided the diamond crystal is 
kept in the dark. Thus, data storage in diamond must be viewed 
as semi-permanent in the sense that a ‘refresh’ protocol is 
required, conditional on the number of readouts but independent 
on the total elapsed time. 
To derive a more quantitative metric we compare the 
fluorescence response from an arbitrary (but fixed) site of the 
diamond crystal to multiple readouts (Fig. S2). We find that red 
imprinting not only features a slower fluorescence decay but also 
that the relative contrast between ‘bright’ and ‘dark’ remains 
high over tens of readouts. This is not the case for a green 
imprint where the contrast first vanishes and then inverts. The 
physics at play is complex and more investigation will be needed 
to gain a fuller understanding. Initial work, however, indicates 
that the local N+ content — higher when green light is present 
during the encoding process — plays an important role14. 
Unlike photo-refractive polymers15 — prone to degradation 
upon repeated light exposure — or gold nanorods16,17 — 
undergoing a permanent photo-induced shape change — the 
charge state of the NV center can be reversibly altered with no 
accumulated effect, hence allowing one to erase and rewrite 
information a virtually limitless number of times. A proof-of-
principle demonstration is presented in Fig. 2a (see also Fig. S3): 
After resetting the NV- content via a strong green laser scan 
(Step 1), we proceed to write the focal plane through a red 
imprint, which we then expose via a weak red scan (Step 2); the 
	  
Fig. 2. Diamond as a three-dimensional read/write memory. (a) Starting from a blank ensemble of NV- centers (1), information can be written 
(2), erased (3), and rewritten (4). In (1) and (3) a green laser scan (1 mW at 1 ms per pixel) is used to reset the target plane to a bright state. In (2) 
and (4) images are imprinted via a red laser scan with a variable exposure time per pixel (from 0 to 50 ms). Note the gray scale in the resulting 
images corresponding to multi-valued (as opposed to binary) encoding. The same scale bar applies to all four images. (b) Information can be 
stored and accessed in three dimensions, as demonstrated for the case of a three-level stack. Observations over a period of a week show no 
noticeable change in these patterns for a sample kept in the dark. In (a) and (b) readout is carried out via a red laser scan (200 µW at 1 ms per 
pixel). The image size is 150x150 pixels in all cases.  
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same protocol is then repeated to encode and readout a new, 
different pattern (Steps 3 and 4). Note that unlike Fig. 1 — where 
the brightness in each pixel takes one of two possible values — 
the images of Fig. 2a are imprinted using a variable exposure 
time per pixel. In the present case we bin the illumination times 
into five different durations, which correspondingly lead to 
discernible levels of fluorescence, i.e., the equivalent of a multi-
valued bit (Fig. S1). The result is a concomitant boost of the 
information density, here illustrated via the gray-scale images. 
The number of levels is largely defined by the signal-to-noise 
ratio (SNR) of the optical detection, which, in turn, grows with 
the square root of the readout time and NV density. In practice, 
considerations such as background noise and sample 
homogeneity must also be taken into account. For the conditions 
herein, up to 8 different levels seem realistic (see Fig. S1) though 
more are conceivable, e.g., if the sample is engineered to host a 
higher NV concentration. 
Since the illumination intensity decays with the inverse 
square of the distance to the focal plane, it is possible to imprint 
the diamond selectively at a given depth without altering the 
information stored elsewhere. A demonstration is presented in 
Fig. 2b, where we write NV charge maps on three stacked planes 
approximately 90 µm apart from each other. Given the thickness 
of the diamond sample we used (200 µm), these results indicate 
minimal optical aberrations throughout the crystal. On the other 
hand, the separation between planes — largely defined by the 
beam shape near the focal plane — could be reduced by resorting 
to beam shaping techniques. In particular, a spatial light 
modulator could be used to adjust the optical wave front to 
reduce axial elongation in the beam profile18.  
Ultimately, the inter-plane separation results from a tradeoff 
between various parameters including the required level of 
contrast, writing speed, and light intensity. For example, better 
in-plane localization is attained in the limit of low laser power, 
where the NV ionization rate responds quadratically to the 
illumination intensity13, but the encoding time per pixel is 
comparatively longer. Faster writing speed can be reached with 
stronger laser power, but saturation of the first excited state 
gradually makes the NV ionization rate transition from 
quadratically- to linearly-dependent on the intensity, with the 
corresponding reduction of the in-plane localization12. For a 
given laser power, a similar consideration applies to the light 
exposure time and fluorescence contrast, the latter improving 
with longer imprint times at the expense of a larger pixel volume 
(see also Fig. S1). Note, however, that this tradeoff has a lesser 
impact on data density if the brighter fluorescence of larger 
pixels is binned into discrete levels to produce multi-valued bits, 
as discussed above (Fig. 2a).  
The absolute write and read times per pixel — either 
comparable to or greater than 1 ms — presently make NV 
storage comparatively slow for practical applications though 
there seems to be considerable room for improvement.  The most 
obvious route to faster writing makes use of stronger illumination 
intensities, though at the expense of higher power consumption 
and system complexity. For a constant average laser power, 
pulsed excitation may prove beneficial given the quadratic 
response of NV ionization upon green or red illumination. Along 
the same lines, different excitation colors can exhibit markedly 
different ionization efficiencies (see, e.g., conditions in Fig. 1 for 
red and green imprinting) thus calling for a systematic 
characterization as a function of the excitation wavelength. In 
particular, we show below that NV- can be efficiently ionized by 
blue illumination (directly exciting the excess electron into the 
conduction band) though further work will be needed for a vis-à-
vis comparison between one- and two-photon ionization in type 
1b diamond. Although some of the same considerations also 
impact readout speed, the latter is mainly defined by SNR 
limitations, which, perhaps, could be ameliorated by increasing 
the NV content.  
Towards super-resolution data storage  
While the spatial resolution of a diamond memory — or, for 
that matter, any other optical memory15-19 — is inherently 
influenced by light diffraction, a question of interest is whether 
the latter sets a fundamental limit for manipulating the NV 
charge. Super-resolution methods have already been applied to 
image NV centers with spatial accuracy of up to ~6 nm20, 
approximately one hundredth of the excitation wavelength. 
However, storing and accessing information with sub-diffraction 
discrimination would require that the NV charge state be 
preserved during the write and readout processes, a condition 
difficult to meet with existing super-resolution imaging methods. 
This incompatibility is apparent in schemes such as Stochastic 
Optical Reconstruction Microscopy21 (STORM) or Photo-
Activated Localization Microscopy (PALM)22, where spatial 
resolution is attained by randomly activating a small fraction of 
fluorophores while most of the ensemble remains in the dark 
state23.  
Sub-diffraction imaging strategies that deterministically 
drive NVs into a non-fluorescing state are not exempt from 
problems. For example, in Charge State Depletion (CSD) 
microscopy24, fluorescence is recorded via the use of weak, non-
ionizing illumination following the successive application of a 
green, Gaussian beam and a concentric, doughnut-shaped, red 
beam. The former brings most NVs within the focal area into the 
negative, bright state whereas the latter selectively transforms 
peripheral NVs into the dark, neutrally charged state. CSD 
microscopy, therefore, is unsuited for high-density, sub-
diffraction recording because any given ‘write’ operation 
initializes the charge state of NVs proximal to the target. This 
same drawback also applies to Stimulated Emission Depletion20 
(STED) microscopy and related techniques25,26 because 
uncontrolled NV ionization is at least as likely as stimulated 
emission during application of the strong STED beam.  
The ability to manipulate the NV spin degrees of freedom 
provides a versatile route to circumvent these problems. For 
example, since nuclear spins are relatively well isolated, data loss 
during a super-resolution read/write could be eluded via the use 
of a charge-to-spin (CTS) conversion scheme, where the nuclear 
spins of all NVs within the laser focal spot are polarized 
conditional on the initial NV charge state. This route exploits the 
NV nuclear spins as ancillary memories to temporarily store the 
initial charge state of all illuminated NVs during a laser 
read/write. Using a doughnut beam to separately address the 
group of NVs surrounding the target, the original charge state 
can be subsequently re-established via spin-to-charge (STC) 
conversion27. Here we are assuming that the experimental 
conditions are chosen so that the full protocol — including CTS, 
target read/write, and STC — takes place on a time scale shorter 
than the spin lattice relaxation time of the NV nuclear host.  
An initial proof of concept containing key ingredients 
necessary for the realization of the above approach is presented 
in Fig. 3: Upon preparing the NVs into the negatively charged 
state, we use an optical pumping scheme28 to initialize the 14N 
spin of the host nitrogen atom — a system of spin number I=1 — 
into mI=0 (where mI denotes the nuclear spin quantum projection 
along a direction coincident with the NV axis). This scheme uses 
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a train of laser, microwave (mw), and radio-frequency (rf) pulses 
to drive the 14N spin into a desired final state (Fig. 3a and Section 
S1 of the Supplementary Material). Optically detected magnetic 
resonance (ODMR) of the NV- electronic spin (right column in 
Fig. 3b) reveals a hyperfine-split spectrum with a prominent 
central peak surrounded by two weak satellites, from where we 
estimate the level of nuclear spin polarization at about 80%.  
Because both the electronic and spin energy levels depend 
on the center’s charge state, the spin pumping protocol has no 
impact on the nuclear spins of neutral NVs, which consequently 
remain unpolarized. Such charge selectivity is confirmed by 
interrogating NV centers initially prepared in the neutral state, 
and subsequently converted to NV- prior to ODMR inspection 
(left column in Fig. 3b); as expected, the spectrum displays in 
this case three peaks of comparable amplitude, indicative of 
equal 14N spin populations in all three projections. Conditional 
14N spin polarization thus amounts to ‘charge-to-spin’ 
conversion, with fidelity ultimately limited by the chosen nuclear 
spin initialization protocol. 
To recreate the impact of super-resolution schemes on the 
charge state of NVs near the target, we impose a cycle of forced 
ionization and recharge (Fig. 3c and Section S2 of the 
Supplementary Material). Departing from the experiments of 
Figs. 1 and 2, NV- ionization is carried out this time with the aid 
of a femtosecond laser tuned to emit at 450 nm. Unlike red or 
green illumination — where the NV undergoes a two-step 
process, Fig. 1a — one-photon excitation in the blue directly 
propels the NV- excess electron into the conduction band, hence 
avoiding light-induced nuclear spin depolarization via level 
mixing in the first excited state29. To recharge the NV0 we use a 
strong green laser pulse whose duration is optimized to yield 
one-directional charge conversion into the NV- state with 
minimum 14N spin depolarization. Comparison of the ODMR 
spectra before and after the ionization-and-recharge cycle (lower 
left and right plots in Fig. 3c, respectively) shows virtually no 
change in the 14N spin polarization, which demonstrates data 
protection against photo-induced charge conversion (see also 
Figs. S4 and S5).  
 
DISCUSSION 
Further work will be necessary to gain charge control of 
individual or small groups of NVs with sub-diffraction 
resolution, starting with the implementation of more efficient 
charge-to-spin conversion protocols, here limited by the fidelity 
of the chosen nuclear spin polarization scheme. Though the 
present experiments are carried out at only ~5.5 mT, greater 
nuclear spin resilience to photo-ionization is possible at higher 
magnetic fields (>200 mT) where state-mixing-driven nuclear 
spin relaxation in the excited state is significantly reduced30. By 
the same token, greater nuclear spin polarization contrast 
between neutral and negative NVs is feasible if the charge-to-
spin protocol is improved so as to polarize complementary 
nuclear spin projections depending on the original charge state 
(e.g., mI=-1 for NV- and mI=+1 for NV0). 
Similar considerations apply to the converse operation, 
namely, the ‘spin-to-charge’ transformation presently attainable 
at only moderate fidelities27. Given the high spin selectivity of 
	  
Fig. 3. Combined NV charge and spin manipulation. (a) Charge-conditional initialization of the 14N nuclear spin host into mI=0 is attained via 
spin transfer from the optically polarized NV- electronic spin (see also Figs. S4 and S5); MW and RF denote microwave and radio-frequency 
pulses, respectively. Initialization into NV- (NV0) is attained by applying (or not) a green laser pulse (532 nm, 1 mW, 10 µs) on an NV--depleted 
background (632 nm, 250 µW, 50 ms per pixel). Following 14N polarization, (unconditional) reconversion into NV- is attained via a green laser 
pulse (532 nm, 1 mW, 3 µs). The durations of the microwave and radio-frequency pulses are 440 ns and 28 µs, respectively. (b) Measured NV- 
ODMR spectra after application of the pulse sequence in (a). The upper images (632 nm, 250 µW, 1 ms per pixel) show the NV- fluorescence in 
a vicinity of the probed sample spot (coincident with the image center) after charge initialization. (c) With the 14N spin in the mI=0 state, 
negatively charged NVs undergo a cycle of ionization and recharge. The pulse protocol is identical to that in (a) except that a blue laser pulse 
(450 nm, 400 µW, 30 µs) is introduced after nuclear spin polarization temporarily converting NV- into NV0, as indicated by the upper 
fluorescence images. Comparison of the ODMR spectra before (left) and after (right) application of the ionization/recharge cycle shows nearly no 
change of the 14N spin polarization. In (b) and (c) every point in the ODMR spectra corresponds to 105 consecutive averages; solid lines are 
Lorentzian fits to the three 14N hyperfine peaks; P denotes the fractional area under the central peak.  
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the inter-system crossing at room temperature, more efficient 
spin-to-charge conversion is conceivable if the existing protocol 
is modified so as to induce ionization by one-photon excitation 
from the ground singlet state. Alternatively, it may be possible to 
exploit the longer electronic state lifetimes of NVs at low 
temperatures, though at the expense of a more complex 
experimental setup.   
Circumventing the limitations inherent to storage media 
confined to two dimensions31,32, the ideas discussed herein can be 
extended to include other defects also acting as electron traps. 
Such centers could be exploited, e.g., for error correction so as to 
mitigate charge instabilities from electron tunneling between 
neighboring NV centers, or between NV centers and surrounding 
substitutional nitrogen (likely in crystals with high NV and 
nitrogen concentration33). By the same token, material platforms 
other than NVs in diamond may also be exploited for high-
density data storage; examples include the silicon-carbon di-
vacancy34 and the silicon vacancy35 in SiC as well as select rare 
earth ions in garnets36, all of which exhibit controllable charge 
and electronic/ nuclear spin degrees of freedom.  
 
MATERIALS AND METHODS 
Diamond crystal 
The sample is a type-1b [111] diamond from Diamond 
Delaware Knives (DDK). Prior characterization via infrared 
spectroscopy14 is consistent with the presence of substitutional 
nitrogen at a concentration of approximately 40 ppm; the 
estimated NV content is 0.4 ppm. Absorption near 1282 cm-1 
suggests that A-centres — formed by two adjacent nitrogens — 
are, if at all present, at trace concentrations. Optical spectroscopy 
confirms that the collected fluorescence originates almost 
exclusively from NV centres. A distinctive peak at ~737 nm 
reveals the presence of silicon-vacancy (SiV) centres; from the 
peak amplitude we estimate the SiV-NV ratio to be about 0.6 %.  
NV magnetic resonance and optical microscopy 
For our experiments we use a custom-made, multi-color 
microscope. A 13 mW helium-neon laser and a 2 W cw solid-
state laser serve as the sources of red (632 nm) and green (532 
nm) light, respectively. Excitation in the blue (450 nm) is 
provided by a tunable ultrafast laser (Coherent Mira) and a 
frequency doubler generating 120-fs-long pulses at a repetition of 
76 MHz; the average power at 450 nm is 400 µW. All laser 
beams are coupled into a 0.42 numerical aperture objective, 
which also collects the outgoing sample fluorescence. The 
illumination timing is set independently with the aid of acousto-
optic modulators (AOM); a servo-controlled, two-mirror galvo 
system is used for sample scanning. Sample fluorescence in the 
range 650 – 850 nm is detected after a dichroic mirror and notch 
filters by a solid-state avalanche photo detector (APD).  
Control of the NV- electronic and nuclear spin is carried out 
via the use of microwave (MW) and radio-frequency (RF) pulses 
produced by four signal generators (Rohde&Schwarz SMB100A, 
Rohde&Schwarz SMV03, Agilent E4433B, and Tektronix 
AFG3102). A 20-µm-diameter copper wire overlaid on the 
diamond surface serves as the simultaneous source of the MW 
and RF fields. Upon amplification, the typical duration of a MW 
(RF) inversion pulse is 500 ns (30 µs). All magnetic resonance 
experiments are carried out in the presence of an 5.5 mT 
magnetic field emanating from a permanent magnet in the 
sample vicinity. The magnetic field is oriented so as to coincide 
with the sample crystal normal, i.e., the [111] axis. A pulse 
generator (PulseBlaster ESR-PRO) controls the timing of all 
laser, MW, and RF pulses. All experiments are carried out under 
ambient conditions. 
 
SUPPLEMENTARY MATERIALS 
Section S1. Charge-conditioned polarization of the 14N spin. 
Section S2. Impact of NV- ionization and recharge on 14N spin polarization. 
Fig. S1. Spatial resolution of NV charge patterning. 
Fig. S2. Impact of multiple readouts on NV fluorescence contrast. 
Fig. S3. NV response upon multiple read/write cycles. 
Fig. S4. Impact of NV- ionization on the 14N nuclear spin polarization. 
Fig. S5. Impact of NV- recharge on the 14N nuclear spin polarization. 
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Fig. S1. Spatial resolution of NV charge patterning. (a) In our experiments we manipulate NV charge 
using a dry objective with numerical aperture NA=0.42. The top image shows the NV- pattern resulting 
from parking a red beam (632 nm, 200 µW) at select locations (dark spots) separated by 4.2 µm; the 
exposure time increases in 10 ms steps starting from 10 ms on the left end. Readout is carried out with the 
same laser using a 1 ms integration time per point. A 1 mW, 532 nm laser is used initially to reset the 
background as explained in the main text. (b) Experimental three-dimensional isosurface plot of the 
ionization pattern imprinted by red laser illumination (632 nm, 200 µW, 50 ms); here the Z-axis coincides 
with the direction of beam propagation. (c) Simulated beam intensity profile for a 632 nm Gaussian laser 
beam focused using a 0.42 NA objective. Comparison with (b) exposes the non-linearity of the ionization 
process. During imaging we use a 632 nm laser for readout with a power of 200 µW and an integration 
time of 1 ms per pixel. 
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Fig. S2. Impact of multiple readouts on NV fluorescence contrast. (a) ‘Red imprint’ protocol. After a 
reset laser pulse (532 nm, 1 mW, 1 ms), initialization into the ‘dark state’ (majority of NV0) is attained via 
red illumination (632 nm, 200 µW, 100 ms); alternatively, initialization into the ‘bright state’ (majority of 
NV-) omits the red pulse. (b) NV fluorescence in the bright and dark states (green and red traces, 
respectively) as a function of readout cycles. (c) ‘Green imprint’ protocol. In this case, the bright state is 
produced via a red reset pulse (632 nm, 200 µW, 100 ms) followed by a green pulse (532 nm, 30 µW, 5 
ms); to produce a dark initial state, the green laser pulse is skipped. (d) Same as in (b) but for a green 
imprint. Note the accelerated fluorescence decay as a function of the number of readouts. In (b) and (d) 
the readout pulse (632 nm) has a power of 200 µW and 150 µW, respectively with a duration of 1 ms.  
 
 
 
 
 
 
 
 
 
	   3	  
 
 
 
 
 
 
 
 
 
 
Fig. S3. NV response upon multiple read/write cycles. (a) Schematics of the pulse sequence. We use a 
green laser pulse (532 nm, 1 mW, 50 µs) or a train of femtosecond pulses (each lasting 120 fs with a 
repetition rate of 78 MHz at 450 nm) to locally bring the NV ensemble into the neutral or negatively 
charged states, respectively. The duration and average power of the femtosecond train is 30 µs and 400 
µW, respectively. To probe the resulting NV charge state we collect the fluorescence created by red 
excitation (632 nm, 50 µW) throughout a 200 µs time interval. (b) Fluorescence after initializing into NV- 
(solid circles) or NV0 (open circles) as a function of the number of repetition cycles N. We observe no 
change in the amplitude of the NV fluorescence contrast upon multiple ionization and recharge cycles. 
The solid line serves as a guide to the eye.  
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Fig. S4. Impact of NV- ionization on the 14N nuclear spin polarization.  (a) To probe the rate of NV- 
excitation under blue excitation we readout the fluorescence from a red laser pulse R1 (632 nm, 100 µW, 
100 µs) after illumination B1 at 450 nm for a variable time tion. After each observation, the green laser 
pulse G1 (532 nm, 1 mW, 100 µs) resets the NV system to the negatively charged state. Blue excitation is 
generated via an ultrafast laser producing 120 fs pulses at a repetition rate of 76 MHz and with average 
power of 400 µW. (b) NV- fluorescence as a function of the ionization time tion. The insert shows an image 
around the point of blue illumination (coincident with the image center) after a ionization time of 50 µs. 
The image size is 100 ×100 pixels, the integration time is 1 ms per pixel and red laser power during the 
scan is 200 µW. (c) To assess the effect of (femtosecond) blue excitation on the nuclear spin polarization 
we initialize the 14N into |𝑚!   =   0  and carry out pulsed ODMR spectroscopy preceded by illumination 
(450 nm, 400 µW) for a variable time tion. Recharge into NV- takes place during G1 (532 nm, 1 mW, 3 
µs). Photon detection is carried out during the first 500 ns of G2 (532 nm, 1 mW, 30 µs). (d) NV- pulsed 
ODMR spectra for different ionization times; brown squares represent data points and solid lines indicate 
numerical fits to a background level and three Gaussians centered around the hyperfine shifted NV- spin 
transitions. The 14N nuclear spin polarization P is calculated as the ratio between the area under the 
central peak (corresponding to mI=0) and the overall dip area. Comparison of the relative amplitudes in 
each hyperfine split spectrum shows virtually no change when tion is sufficiently short.  
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Fig. S5. Impact of NV- recharge on the 14N nuclear spin polarization.  (a) After NV- depletion via a 
blue laser pulse (B1, 450 nm, 400 µW, 30 µs), green illumination (G2, 532 nm, 1 mW) for a variable 
duration trec brings back NVs to the (mostly) negatively charged state. Readout is carried out with a red 
pulse (R1, 632 nm, 100 µW, 100 µs); the reset pulse (G1, 532 nm, 1 mW, 100 µs) ensures a well-defined 
initial state. (b) NV- fluorescence as a function of the recharge pulse duration trec upon application of the 
pulse sequence in (a). (c) Following initialization of the 14N spin into mI=0, NV- centers undergo a cycle 
of one-photon ionization (B1, 450 nm, 400 µW, 30 µs) and recharge (G1, 532 nm, 1 mW). Photon 
detection is carried out during the first 500 ns of G2 (532 nm, 1 mW, 30 µs). (d) NV- ODMR is used to 
compare the 14N polarization at various recharge times trec.  
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Section S1. Charge-conditioned polarization of the 14N spin 
 Polarization of the NV- nuclear spin is carried out using a ‘population trapping’ scheme of the 
form R1-MW1-RF1-R2-MW2-RF2, where R1, R2 are red (632 nm) laser pulses, and MW1, MW2 (RF1, 
RF2) are microwave (radio-frequency) inversion pulses (Figs. S4 and S5). Briefly, red laser pulses 
initialize the NV- electronic spin S=1 into the state 𝑚! = 0 ; since the ionization rate at this wavelength 
is low, the NV- charge state remains unchanged so long as the pulse duration is sufficiently short. In this 
limit, polarization of the 14N nuclear spin I=1 into 𝑚! = 0  is the result of two successive CNOT gates 
each comprising two selective π-pulses: More specifically, if the NV-14N spin system is assumed to be in 
the 𝑚! = 0,𝑚! = 1  state, then MW1 — acting selectively on the 𝑚! = 0,𝑚! = 1 ↔ 𝑚! = −1,𝑚! =1  transition — and RF1 — resonant with the 𝑚! = −1,𝑚! = 1 ↔ 𝑚! = −1,𝑚! = 0  transition — 
produce the state 𝑚! = −1,𝑚! = 0 , which then converts into 𝑚! = 0,𝑚! = 0  upon application of R2. 
On the other hand, starting from 𝑚! = 0,𝑚! = −1 , MW2 — selective on the 𝑚! = 0,𝑚! = −1 ↔𝑚! = −1,𝑚! = −1  transition — and RF2 — resonant with the 𝑚! = −1,𝑚! = −1 ↔ 𝑚! =−1,𝑚! = 0  transition — drive the NV-14N spin state into 𝑚! = −1,𝑚! = 0 , which then transforms 
into 𝑚! = 0,𝑚! = 0  upon optical pumping with red (or green) laser light. Note that throughout the 
protocol all pulses (including laser pulses) have no effect on neutral NVs (featuring different optical and 
magnetic resonance transition frequencies), hence making the 14N spin polarization conditional on the NV 
charge state, i.e., the equivalent of a charge-to-spin conversion.  
 
 
Section S2. Impact of NV- ionization and recharge on 14N spin polarization 
 To assess the influence of charge manipulation on nuclear spins, we subject spin-polarized 14N 
spins in negatively charged NVs to a cycle of ionization and recharge via the consecutive application of 
blue and green laser pulses, each having a variable duration tion and trec, respectively (see Figs. S4 and S5). 
The blue laser pulse — originating from an ultrafast laser — is itself a train of 450 nm femtosecond 
pulses (see above). Unlike the two-photon processes presented in Fig. 1a of the main text, illumination at 
this wavelength ionizes NV- via a one-photon absorption process. This form of ionization propels the 
excess electron directly into the conduction band and hence protects the 14N spin from relaxation via level 
mixing in the NV- excited states.  
During nuclear spin initialization (Figs. S4c and S5c) microwave pulses MW1 and MW2 act 
selectively on the transitions |𝑚!   =   0,𝑚!   =   +1   ↔ |𝑚!   = −1,𝑚!   =   +1    and |𝑚!   =   0,𝑚!   =  −1   ↔ |𝑚!   = −1,𝑚! = −1   , respectively, whereas radio-frequency pulses RF1 and RF2 are tuned to 
the transitions |𝑚!   =   −1,𝑚!   =   +1   ↔ |𝑚!   = −1,𝑚!   =   0  and |𝑚!   =   −1,𝑚!   =   −1   ↔|𝑚!   = −1,𝑚!   =   0 , respectively; the red (R), and green (G) laser pulse powers (durations) are 250 µW 
(15 µs) for pulses R1, R2, 1 mW (3 µs) for pulse G1, and 1 mW (30 µs) during pulse G2. The average 
blue laser power during B1 is 400 µW. 
